Background: New vessel growth is often associated with ischemia, and hypoxic tissue has been identified as a potential source of angiogenic factors. In particular, ischemia is associated with the development of neovascularization in a number of ocular pathologies. For this reason, we have studied the induction of endothelial cell mitogens by hypoxia in retinal cells. Materials and Methods: Human retinal pigment epithelium (hRPE) were grown under normoxic and hypoxic conditions and examined for the production of endothelial mitogens. Northern analysis, biosynthetic labeling and immunoprecipitation, and ELISA were used to assess the levels of vascular endothelial growth factor/vascular permeability factor (VEGF) and basic fibroblast growth factor (bFGF), two endothelial cell mitogens and potent angiogenic factors. Soluble receptors for VEGF were employed as competitive inhibitors to determine the contribution of the growth factor to the hypoxia-stimulated mitogen production. Results: Following 6-24 hr of hypoxia, confluent and
growing cultures of hRPE increase their levels of VEGF mRNA and protein synthesis. Biosynthetic labeling studies and RT-PCR analysis indicate that the cells secrete VEGF121 and VEGF165, the soluble forms of the angiogenic factor. In contrast, hRPE cultured under hypoxic conditions show reduced steady-state levels of basic fibroblast growth factor (bFGF) mRNA and decreased bFGF protein synthesis. Unlike VEGF, bFGF is not found in conditioned media of hRPE following 24 hr of hypoxia. Using a soluble high-affinity VEGF receptor as a competitive inhibitor of VEGF, we demonstrate that a VEGF-like activity is the sole hypoxiainducible endothelial mitogen produced by cultured hRPE. Conclusions: From this comparison we conclude that hRPE do not respond to hypoxia with a general, nonspecific increase in the overall levels of growth factors, as is seen during cell wounding responses or serum stimulation. The physiological relevance of data from this in vitro model are affirmed by separate studies in an animal model of retinal ischemia-induced ocular neovascularization (1) in which retina-derived VEGF levels have been shown to correlate spatio-temporally with the onset of angiogenesis. Taken together, these data support the hypothesis that the induction of VEGF by hypoxia mediates the rapid, initial angiogenic response to retinal ischemia.
INTRODUCTION
Angiogenesis often occurs in a hypoxic setting. Tumors and wounds, as well as ovarian and ocular tissues, all have hypoxic regions that are spatially and temporally associated with the onset of angiogenesis (2) . In recent years, it has been recognized that lower relative P02 levels are associated with the increased expression of specific "hypoxia associated-proteins" (3) (4) (5) (6) . Hypoxia is associated with the release of angiogenic factors by macrophages (7) , increased levels of mRNA for angiogenic peptides in tumors (8) , and increased numbers of high-affinity receptors for angiogenic peptides on the surface of endothelial cells (9) . These data are consistent with the hypothesis that hypoxia may act as a regulator of the angiogenic process.
The association of hypoxia and new vessel growth is dramatically illustrated and well documented during ocular neovascular disease. In virtually all animal models of ocular neovascularization, as well as during the course of most human neovascular pathologies, new vessel growth is preceded by the appearance of areas of nonperfused tissue, creating local ischemia. Michaelson (10) , and then later Ashton (11) , postulated that the areas of local nonperfusion and subsequent hypoxia were responsible for the production of angiogenic factors, which would stimulate neovascularization in order to overcome the oxygen debt. These early observations have led to the search for angiogenic factors from the eye. Of the numerous factors identified (12), none have been conclusively shown to mediate experimental or pathological ocular neovascularization.
We have used an in vitro model of human retinal pigment epithelium (hRPE) to recreate tissue hypoxia with the goal of identifying hypoxia-inducible endothelial mitogens. hRPE represent a reasonably abundant and easily cultured retinal cell type for use in the bioassay and biochemical and molecular analysis of growth factor production. Thus, these cells provide an ideal nontransformed system in which to investigate the hypoxic regulation of endothelial mitogens in retinal cells. Further, it has been suggested that disruption of normal hRPE function may lead to the production of angiogenic factors responsible for subretinal and epiretinal neovascularization (13, 14) . hRPE in vitro synthesize a number of endothelial mitogens, including basic fibroblast growth factor (bFGF) (15) , (16) , acidic fibroblast growth factor (aFGF) (17) and vascular endothelial growth factor/vascular permeability factor (VEGF) (18) .
VEGF is a family of secreted polypeptides that stimulate vascular endothelial cell proliferation and monocyte migration in vitro (19, 20) and promote vascular permeability and angiogenesis in vivo (21) (22) (23) . Unlike acidic and basic FGF, VEGF is an efficiently secreted glycoprotein (24) and an endothelial-selective mitogen (19, 23) . Recently, VEGF mRNA was shown to be increased in the presumed hypoxic regions of human glioblastomas and in hypoxic rat tumor and skeletal muscle cell lines in vitro (8, 25) . In separate experiments, neutralizing monoclonal antibodies to VEGF were reported to block tumor growth (26) . These data make VEGF a likely candidate to mediate tumor angiogenesis (27) . In addition, the finding that VEGF protein is present in the retina (28) raises the possibility that VEGF may be involved in ocular neovascularization.
We have found that an increase in the production of endothelial mitogenic activity by hRPE during hypoxia is due to the increased synthesis and secretion of VEGF. The induction of VEGF mRNA and protein, and the identity of the specific isoforms of VEGF produced during hypoxia are described. We also examine the effect of hypoxia on the regulation of bFGF, a potent endothelial cell mitogen produced by hRPE, to determine if the induction of VEGF during hypoxia is part of a general cellular response designed to increase angiogenic factor production. Lastly, we use a soluble high-affinity VEGF receptor (human fit-i) as a competitive inhibitor of VEGF activity to determine the contribution of VEGF to the hypoxia-inducible endothelial mitogenic activity of hRPE. These studies support the hypothesis that hypoxia induces angiogenic activity in the eye and suggests that VEGF may participate in the ocular neovascular response associated with ischemia.
MATERIALS AND METHODS
Human Retinal Pigment Epithelial Cell (hRPE) Culture hRPE cultures were established and propagated as previously described (18 24 hr were collected, clarified by centrifugation and mixed with 5% heat-inactivated bovine calf serum/DMEM at a 40/60 ratio (v/v) and assayed on BCE for DNA synthesis measurements as previously described (29) . Proliferation assays were performed as described (30) , with a single addition of sample media or growth factors 2 hr after the cells are plated. Human recombinant VEGF (2 ng/ml; provided by Genentech) and bFGF (1 ng/ml; provided by Takeda Chemical Industries, Ltd., Osaka, Japan) were added directly to assay media (10% calf serum/ DMEM). Conditioned media (in serum-free DMEM) were collected from 20 hr normoxic or hypoxic hRPE cultures, clarified and concentrated approximately 10-fold by centrifugation in Centricon-10 (Amicon) microconcentrators and assayed at 75-100 ,ul/ml assay media. Soluble flt-i and CD4 receptors used in the neutralization studies were created as described (31) and were assayed for their effect on growth by addition to growth factor-supplemented media or conditioned media.
Solid Phase bFGF Immunoassay and VEGF Fluoroimmunoassay Media conditioned for 24 hr by hRPE grown under normoxic and hypoxic conditions were collected and clarified by centrifugation. Cells were then rinsed with phosphate buffered saline (PB S) containing heparin (100 ,ug/ml) to remove cell surface and extracellular matrix-associated VEGF and bFGF and cell lysates were prepared as previously described. The media, heparin washes, and cell lysates were assayed for VEGF (32) and bFGF (33) 200 ,uM dNTP's, 50 pmol primers and 2.5 U Amplitaq (Perkin Elmer). The parameters for amplification were: 94°C, 3-min initial denaturation; 30 cycles of 940C, 45 sec; 55°C, 1 min; 720C, 1 min, and a 3 min final extension at 72°C. Products were separated and visualized in ethidium bromide-stained agarose gels. Products were transferred to nylon for Southern blot analysis using a random prime labeled human VEGF cDNA, as described above.
Immunoprecipitation
Human hRPE were grown under normoxic and hypoxic conditions for 24 hr in the presence of DMEM/1% FCS and 200 uCi/ml 35S-methionine/cysteine (New England Nuclear, Boston, MA) followed by immunoprecipitation of media and lysates. Briefly, the media were collected and cells were washed in PBS followed by PBS containing heparin (as described above). Lysates were prepared in lysis buffer containing 20 
RESULTS
To determine if hypoxia resulted in the increased production of endothelial growth factors by hRPE, media conditioned by hRPE grown in an hypoxic environment were assayed for their ability to stimulate DNA synthesis by bovine capillary endothelial cells (Fig. 1) . Human RPE exposed to hypoxia for 24 hr retained a normal morphology (compare Fig. lb and c) (Fig. 3a) . The identity of these amplified products was confirmed by Southern blot analy- creased by as much as 80% in cells grown under hypoxia for 24 hr (p < 0.000 1 for both sparse and dense cultures) (Fig. 5c) . Although the absolute levels of VEGF differed between sparse and dense hRPE, the trend for increased protein in cells exposed to hypoxia was consistent. The concentration of VEGF in the conditioned media was above that required to maximally stimulate vascular endothelial cell proliferation in vitro (19) . No VEGF was detected in the heparin-PBS washes, suggesting the presence of VEGF isoform(s) with lower heparin affinity (data not shown). This observation is consistent with the results of the RT-PCR analysis and immunoprecipitation studies, which indicate the synthesis of the 121 and 165 amino acid forms of VEGF, known to have relatively low affinity for cell surface heparan sulfate proteoglycans.
Intracellular bFGF protein levels of approximately 1.5 pm/ 106 cells, for sparse and dense cells in normoxia, respectively, were significantly higher (more than 50-fold) than the VEGF levels (Fig. Sd) . In spite of the reduction in bFGF mRNA levels and biosynthetic labeling, bFGF protein levels were not decreased (p = 0.007 for dense cultures and p = 0.005 for sparse cultures). These results suggest a role for the control of bFGF protein stability in the maintenance of steady state proteins levels. In agreement with the biosynthetic labeling analysis, no bFGF was detected in the media (Fig. Sb) had no effect on baseline unstimulated endothelial cell growth. As we initially observed (Fig. 1) , conditioned media from hRPE grown in hypoxia stimulated endothelial cell growth when compared to unconditioned media or media conditioned in normoxia (p = 0.008) (Fig. 6b) . The addition of 200 ng/ml of CD4/Fc had no significant effect on endothelial cell growth in normoxic or hypoxic conditioned media, whereas the addition of 200 ng/ml of flt-l/Fc completely abolished the hypoxia-induced mitogenic activity in hRPE conditioned media (p = 0.003). As with the CD4/Fc, flt-l/Fc had no effect on the growth of endothelial cells in media conditioned by hRPE in normoxia. The specificity of the flt-l/Fc receptor is evidenced by the inability of soluble flt-l/Fc to inhibit bFGF (1 ng/ml)-stimulated endothelial cell growth, while completely neutralizing VEGF (2 ng/ml)-stimulated growth.
DISCUSSON
Strong correlative evidence points to a role for hypoxia as a key regulator of angiogenesis. Hypoxia is a well-documented component of a number of processes characterized by angiogenesis including wound healing, tumor vascularization, diabetic retinopathy and ischemic heart disease. Observations from in vivo models from our lab (1) and others (8, 25, 39) (42) , mechanical injury to the brain (43) , and crush injury to the optic nerve (44) . Furthermore, hRPE that are "activated" by inflammatory cytokines synthesize and secrete IL-8, a potent angiogenic molecule and endothelial mitogen. As with bFGF, we could detect no increase in IL-8 mRNA after 24 (45) . Steady-state levels of VEGF mRNA levels were markedly increased after 6 hr of hypoxia, and this increase was maintained for up to 24 hr. The elevation in VEGF mRNA was associated with a significant increase in VEGF protein synthesis and secretion, indicating that hypoxia specifically induces increased VEGF production and secretion. Of the four potential splice variants, VEGF189 and VEGF206 display significant heparin affinity and are not found in media conditioned by cells expressing these two forms, whereas VEGF165 and VEGF12, have relatively low heparin affinity and are secreted and soluble (19 
